We present a systematic analysis of the angular distribution ofB →K * (→Kπ)l + l − decays with l = e, µ in the low recoil region (i.e. at high dilepton invariant masses of the order of the mass of the b-quark)
I. INTRODUCTION
The exclusive rare flavour changing neutral current (FCNC) decayB →K * (→Kπ)l + l − with l = e, µ has high sensitivity to physics beyond the Standard Model (BSM) due to the large number of complementary measurements possible from the full angular distribution [1] . Many works have focussed on the region of low dilepton invariant mass squared, q 2 , typically taken within the range 1-6 GeV 2 . The latter is accessible to QCD factorisation [2, 3] , which has enabled systematic studies of CP-averaged observables as well as CP-asymmetries [4] [5] [6] [7] [8] . Intermediate values of q 2 fall into the narrow-resonance region dominated by the pronounced cc-resonance background from the decays B →K * {J/ψ, ψ } →K * l + l − , recently studied in [9] including also low q 2 tails. At larger dilepton masses, at about q 2 14 GeV 2 , follows the broad resonance region. The latter is characterised by the low recoil of the hadronic system. Here, the large values of q 2 ∼ m 2 b , where m b denotes the mass of the b-quark, allow to perform an operator product expansion (OPE) [10, 11] which, when combined with heavy quark effective theory (HQET) and the corresponding heavy quark form factor relations [12] , leads to powerful predictions, see [10] and Hurth and Wyler in [13] .
In fact, it has been shown recently that the heavy quark framework applied to the low recoil region results in a very simple amplitude structure of the decaysB →K * (→Kπ)l + l − [14] . Specifically, in the heavy quark limit, all three participating transversity amplitudes obey
hence factorise into universal short-distance coefficients C L,R and form factor coefficients f i . This feature can be greatly exploited to enhance the BSM sensitivity, to test form factor predictions against data and to check the goodness of the OPE framework. More explicit, the angular distribution ofB →K * (→Kπ)l + l − decays allows for observables with the following salient properties, see [14] for details:
i) The observable H
T = 1 does not depend on short-distance coefficients nor on form factors. ii) The observables H T . iii) Several observables can be formed which depend on the form factors only.
iv) The angular observables J 7, 8, 9 , which are odd under naive time-reversal, vanish.
Beyond zeroth order in 1/m b , the influence of the power corrections is weak because the Λ QCD /m b corrections are parametrically suppressed: The ones to the form factor relations enter with a suppression by small ratios of Wilson coefficients and the ones from subleading operators in the OPE arise at O(α s ) only. Moreover, the relevant hadronic matrix elements from both sources are not independent [10] . While the latter matrix elements are currently not known from first principles for B → K * , model estimates suggest that they are at least not enhanced beyond the naive expectations [12] .
In this paper we extend previous works [14] on the low recoil region by allowing for BSM CP violation. We work to next-to-leading order (NLO) in QCD and to lowest order (LO) in 1/m b . The O(Λ QCD /m b ) corrections are taken into account in the estimation of the uncertainties. Further higher order corrections, including charm loops with gluons are power-suppressed at low recoil [10, 11] and not considered given the targeted precision. The consistency between the outcome of an analysis excluding and using only the high-q 2 region data [14] supports the employed OPE framework.
We propose and study CP observables with only subleading form factor uncertainties in Sections II A and II B. In Section II C we calculate mixing-induced time-integrated CP asymmetries relevant for the decays B s ,B s → φ(→ K + K − ) l + l − . In Section II D we give the relations between the CP observables and the angular distributions inB →K * l + l − or likewiseB s → φ l + l − decays. We work out the constraints on the complex-valued short-distance coefficients in Section III and summarize in Section IV. In an appendix we present the method used to estimate the uncertainties from the O(Λ QCD /m b ) corrections.
II. LOW RECOIL CP ASYMMETRIES
Our aim is to extend our previous study of ∆B = 1 radiative and semileptonic decays [14] in the presence of CP violation. We use a model-independent framework with an effective Hamiltonian
where the ellipses denote contributions which we assume to be SM-like because they are either subdominant in the radiative and semileptonic b → s decay amplitudes or induced in the SM at tree level. With CP violation beyond the SM, the Wilson coefficients C 7 , C 9 and C 10 are complexvalued. All other Wilson coefficients are assumed to be SM-like, and are real-valued after factoring out the Cabibbo-Kobayashi-Maskawa (CKM) factors V ik , similar to Eq. (2.1). For details and definitions we refer to [14] , which we follow closely. In particular, we take all numerical input as in [14] except for the CKM one, which we calculate from the Wolfenstein parameters A = 0.812
−0.027 , λ = 0.22543 ± 0.00077,ρ = 0.144 ± 0.025 andη = 0.342
−0.015 [15] . In the following we understand all Wilson coefficients to be evaluated at the scale µ b ≈ m b . The SM values of the most important ones are approximately, to next-to-next-to-leading logarithmic (NNLL) order,
A. Decay amplitudes with CP violation at low recoil
In a previous work [14] we identified
3) 
The effective coefficients are written as 6) and
where we extended previous works [10, 14] by including the doubly Cabibbo-suppressed contribution proportional toλ u = V ub V * us /(V tb V * ts ). The latter is responsible for CP violation in the SM and appears only in the coefficient C eff 9 with m 2 c /q 2 suppression. We refer to [10, 14] for more details concerning the (real-valued) Wilson coefficients C i≤6 as well as the LO and NLO QCD corrections encoded in the functions h(m i , q 2 ) and A, B, C, F (7,9) 8 , respectively.
In the presence of CP violation, there are four independent short-distance factors They can be written as
10)
and the decomposition of Eqs. (2.6) and (2.7) into
is real-valued, and we suppress the q 2 -dependence in the effective coefficients and the Y i throughout this work. It follows from Eqs. (2.10)-(2.11) that ∆ρ 1 probes the weak phases of C 7 and C 9 , whereas ∆ρ 2 probes the weak phase of C 10 . The imaginary parts of the Y i give rise to the strong phases and hence drive the magnitude of CP violation.
In Fig. 1 we show the imaginary part of Y 9 (dashed curve) and Y (solid curve) from the OPE [10] at NLO QCD using Eqs. (2.6) and (2.7). The NLO QCD corrections to both Im Y 7,9 are sizeable and lead to a reduction of the strong phases compared to the LO value of Im Y (dashed-dotted curve). Since Im Y 7 vanishes at LO, the NLO corrections constitute the leading contribution to this quantity.
Also shown in Fig. 1 is the absorptive part Im Y cc (dotted curve) obtained from a phenomenological fit to e + e − → hadrons data assuming factorization [16] . The Breit-Wigner amplitude matches the charmonium peaks of the branching ratios B(B →K * cc) for cc = J/Ψ and Ψ . Note that for NNLL values of the Wilson coefficients C 1 and C 2 and with present day data [17] exist. The fit exhibits the local charm resonance structure fromB →K * (cc) →K * l + l − decays.
As can be seen in Fig. 1 , the resonance contribution is of the same order as the OPE prediction at LO QCD and indicates comparable results after integrating over a sufficiently large region in the dilepton mass. However, we find a factor of ∼ 3 between both approaches when using NLO QCD corrections and integrating over the low recoil region.
B. The low recoil CP asymmetries
At low recoil and within our framework (LO in 1/m b , SM operator basis Eq. (2.1) ) allB →K * l + l − observables are, as far as short-distance physics is concerned, either proportional to ρ 1 , ρ 2 /ρ 1 or short-distance insensitive [14] . Consequently, there are only two types of CP asymmetries:
CP ≡
(2.14)
It is advantageous to define further
which is not independent of a
CP . Since (ρ 1 +ρ 1 ) is positive definite, see Eq. (2.3), it is in general better suited for normalisation then the denominator of a (2) CP , which might cross zero and could make the theoretical uncertainties blow up. We note that a (1) CP equals the direct CP asymmetry in the rate,
, the CP asymmetry of the forward-backward asymmetry, whereas a
CP corresponds to the low recoil transversity observables H (2,3) T introduced in Ref. [14] . No further CP asymmetries can be formed from the decays at low recoil beyond Eqs. (2.14)-(2.15) unless one considers neutral meson mixing, which we do in the next section. Note that a (1, 2) CP are related to observables which require B-flavour tagging, whereas a 
CP , a
The SM values of the CP asymmetries are induced at the order (m 2 c /m 2 b ) Imλ u ∼ 10 −3 and are tiny. Since the CP asymmetries at low recoil are T-even only, a finite strong phase is needed for a finite CP asymmetry. The strong phase is roughly given as arg(Y ), yielding an additional suppression by another order of magnitude. Therefore, at low recoil
Given the foreseen experimental precision, the CP asymmetries in the SM are therefore completely negligible due to their strong parametric suppression. Hence, any observed finite CP asymmetry is a signal of physics beyond the SM.
Beyond the SM, the CP asymmetries at low recoil can be significantly enhanced. Fig. 1 , we obtain, roughly, 20) in agreement with [19] [20] [21] . Note that for very small BSM values of Re C 9 C * 10 the values of a 
To investigate more quantitatively the above CP asymmetries we define a BSM benchmark point and subleading power corrections (SL). Also given are the asymmetries using cc-resonance data [16, 17] .
which passes all the current experimental constraints. In particular, both interference terms Re C 9 C * 10 and Re C 9 C * 7 which are probed by A FB (B → X s ,K * l + l − ) and theB → X s ,K ( * ) l + l − branching ratios, respectively, are SM-like. Due to the maximal phases the benchmark values induce large BSM CP violation. The CP asymmetries evaluated at the benchmark point are given in Table I . Throughout this work we use .. to denote the integrated observables formed out of integrated angular coefficients following Ref. [14] . For the low recoil integration region we take 14 GeV 2 < q 2 ≤ 19.2 GeV 2 . We find that the main parametric uncertainty in a As can be seen from Table I the impact of the NLO corrections is sizable on the CP asymmetries.
The LO predictions are about a factor 3 larger than the NLO ones due to large destructive NLO contributions to Im Y . In fact, concerning Im Y 7 the NLO corrections constitute the leading contribution which also implies a large scale uncertainty at NLO, but the NLO corrections are sizeable in Im Y 9 , too.
Also shown in Table I are the CP asymmetries calculated using a phenomenological ansatz with cc-resonances [16, 17] . They are in the general ballpark of the OPE ones, between the LO and NLO findings, and somewhat smaller than the LO results.
C. Untagged CP asymmetries with meson mixing
We consider the decays B s ,B s → φ(→ K + K − )l + l − which especially for muons are of great importance for hadron collider experiments. We follow closely [4] to which we refer for details on the full angular distribution [1] .
To account for neutral meson mixing, time-dependent transversity amplitudes need to be introduced:
where
(t)) denotes the amplitude for a meson born at time t = 0 as aB s , (B s ) decaying through the transversity amplitude a =⊥, , 0 at later times t.
For the time evolution the following parameters which involve the un-mixed amplitudes at t = 0
play an important role 24) where [δ W → −δ W ] implies the conjugation of all weak phases in the denominator. Here Φ M denotes the phase of the B s −B s mixing amplitude which is very small in the SM, Φ SM M = 2 arg(V * ts V tb ). The untagged rates dΓ + dΓ can then be written as [22] A a (t)Ā *
where the chirality indices L, R are suppressed for brevity. Here, η 0, = +1 and 
where Γ = (Γ L + Γ H )/2 and ∆Γ = Γ L − Γ H denote the average width and the width difference, respectively, and y = ∆Γ/(2 Γ).
Due to the simple transversity structure at low recoil [14] , see Eq. (1.1), there are only two different time evolution parameters, ξ L and ξ R , universal for all the ⊥, , 0 amplitudes. We obtain
.
(2.27)
In the absence of strong phases we find |ξ L/R | = 1 and in the absence of CP violation in the rare decays holds |ξ L/R | = 1 as well. In the SM, CP violation in these parameters is very small: For J 5 we obtain at low recoil from Eq. (2.26):
The formula for J 6 is identical after changing the transversity index 0 to .
In order to reduce non-perturbative uncertainties, we choose combinations of the following untagged, time-integrated quantities for normalisation:
which can be obtained from the angular observables J 1,2,3 . Here,
31)
Note that C mix only depends on the mixing phase Φ M .
Normalizing Eq. (2.28) to √ n ⊥ n 0 yields a mixing-induced analogue of a
CP :
Note that at low recoil a mix CP is insensitive to the sign of y. Simultaneously, the sensitivity to Φ M is very low since it enters via C mix only. In the limit y → 0 holds The use of the coefficient J 6 with normalization to n n ⊥ leads to a second possibility to measure the very same asymmetry a mix CP . The sensitivity to the B s -mixing parameters y and Φ M is low for realistic values of y O(0.1).
We find for the q 2 -integrated asymmetries that, model-independently, | a mix CP / a
CP − 1| is below a few percent and hence unlikely to be measured in the foreseen future.
D. CP asymmetries from the angular distribution
Here we summarise the relations between the low recoil CP asymmetries a CP from the angular distribution. We neglect the small corrections from finite lepton masses m l in kinematical factors β l = 1 − 4m 2 l /q 2 . As already mentioned, a (1) CP equals the total rate asymmetry A CP given as
Here, form factor uncertainties cancel at low recoil.
The asymmetry a
CP can be extracted in a multitude of ways from the ratios [4] are related in the low recoil region to the CP asymmetries a (1, 3) CP as 
for H
T .
(2.40)
The mixing-induced, time-integrated CP asymmetries A Dmix
5
and A mix 6 defined in [4] are related to a mix CP as follows
where the n i have been introduced in Eq. (2.30). As in Eq. (2.39), and unlike in a mix CP , the asymmetries given in Eq. (2.41) exhibit a residual form factor dependence.
Ways to extract the angular coefficients J i from the full differential decay distribution have been given in Ref. [4] , to which we refer for details and the definitions of the kinematic angles θ l , θ K * and φ. 
III. MODEL-INDEPENDENT ∆B = 1 CONSTRAINTS
We perform a global analysis of the available b → sl + l − decay data in the presence of BSM CP violation through the Wilson coefficients C 7,9,10 , i.e. , allowing them to be complex-valued.
We follow the same approach and the same data sources as presented in [14] to perform a sixdimensional scan of the magnitudes |C 7,9,10 | and phases φ 7,9,10 ≡ arg C 7,9,10 . We use the following ranges and binning
1)
The narrow range for |C 7 | ≈ |C SM 7 | is justified by the good agreement of the measuredB → X s γ branching ratio with its SM prediction [24, 25] . For the scan we used and developed further EOS [26] , a program for the evaluation of flavour observables. 
FIG. 2:
The constraints on |C 9 | and |C 10 | from the experimental data as collected in [14] . The areas correspond to 68% CL (red) and 95% CL intervals (blue). In the left plot (a), data from the low recoil region has been excluded, while the right plot (b) has been obtained using the full set of available data. The (light green) square marks the SM.
In order to visualize the constraints, we project the 68% and 95% confidence regions of the sixdimensional scan onto the |C 9 |-|C 10 | plane, shown in Fig. 2 . The projections onto |C 9 |-φ 9 , |C 10 |-φ 10 and φ 9 -φ 10 are obtained likewise, and are shown in Fig. 3 . The data fromB →K * l + l − decays in the low recoil region provide powerful additional constraints as can be seen by comparing the results with or without including them. We find good agreement between the SM and the data.
The scan procedure returns the allowed ranges, see Fig. 2 ,
at 68% CL (95% CL). Due to its smallness the above finite lower 95% CL-bound on |C 9 | is sensitive to the discretisation of the scan, ∆|C 9 | = 0.25, and is subject to corresponding uncertainties.
From Eqs. (2.2) and (3.2) we find for the branching ratio of the decayB s → µ + µ − with respect to its SM value a maximal enhancement by a factor 1.9. Employing for the decay constant of the B s meson f Bs = 231(15)(4) MeV [27] , we obtain the 95% CL upper limit B(B s → µ + µ − ) < 8 × 10 −9 .
The corresponding SM value is given as B(B s → µ + µ − ) SM = (3.1 ± 0.6) × 10 −9 with the dominant uncertainty stemming from the decay constant. Using f Bs = 256(6)(6) MeV [28] , we obtain a slightly larger upper limit B(B s → µ + µ − ) < 9 × 10 −9 , and B(B s → µ + µ − ) SM = (3.8 ± 0.4) × 10 −9 .
The SM region ofB s → µ + µ − decays will be at least partially accessed by the LHCb experiment with the 2011-2012 LHC run with projected luminosity up to around 2 fb −1 [29] .
We find the approximate 95% CL ranges for the phases, see Fig. 3 ,
with corresponding 2π-periodic branches. We note that the experimental information entering our scans stems from CP-conserving data only and the constraints on the BSM phases are currently weak. While the B-factories already measured the rate asymmetry ofB →K * l + l − decays at the level of O(0.1) [23] , these constraints are not included in our analysis because they are given for the total integrated rate only, or are inappropriately binned such as the high q 2 rate asymmetry measurement by BaBar, A CP = 0.09 ± 0.21 ± 0.02, given for q 2 > 10.24 GeV 2 and excluding the Ψ -peak [30] . We checked explicitly that an a
CP measurement at the level of the latter with theoretical uncertainties taken into account is not significant in the scan. We find the values of the CP-observables a (1,3) CP to be within -0.2 and +0.2, while a (2) CP is unconstrained by current data. To illustrate the impact of a future measurement of the CP asymmetry, we add hypothetical data with a reduced experimental uncertainty a (1) CP = 0.074 ± 0.01 to the scan. The central value is inspired by the BSM benchmark, see Table I . As can be seen from Fig. 3 , the extended data set (solid, black lines) adds complementary constraints on the phases, which become challenging to the SM (green square).
IV. SUMMARY
Building on previous works on CP symmetries [14] we identified CP asymmetries a (i) CP , i = 1, 2, 3 and a mix CP with no leading form factor dependence from the angular distribution ofB →K * (→ Kπ)l + l − and ofB s , B s → φ(→ K + K − )l + l − decays at low hadronic recoil. The simple amplitude structure following from the heavy quark framework of Ref. [10] in this kinematical region has been crucial in doing so. We find that the largest uncertainty in these CP asymmetries stems from the renormalisation scale dependence at NLO in α s , which is sizeable, followed by subleading 1/m b corrections, see Section II B.
Being strongly parametrically suppressed in the SM, the CP asymmetries are nulltests of the SM. At the same time the available experimental constraints allow for large BSM effects in the (low recoil q 2 -integrated) asymmetries a CP is due to its possibly vanishing normalisation presently unconstrained. The mixing asymmetry inB s , B s →
CP exhibits for realistic values of the mixing parameters little sensitivity to the latter and is numerically close to a (3) CP . Note that both a mix CP and a
CP do not require flavour tagging.
By testing the effective theory Eq. (2.1) against the existing data of b → sγ and b → sl + l − decays in the presence of BSM CP violation, we extract the allowed ranges of the Wilson coefficients C 9,10 shown in Figs. 2 and 3 . We find consistency with a related recent analysis for real-valued coefficients [14] and with the SM. Parameter points with order one deviations from the SM are presently allowed.
To maximize the exploitation of data we strongly suggest to provide the future CP symmetries and asymmetries in q 2 -bins accessible to systematic theory calculations, such as 1-6 GeV 2 and ≥ 14 GeV 2 , similar to the common binning used in both recent Belle and CDF analyses [31, 32] .
For completeness we give here the low recoil SM predictions for the basic CP-averaged observables, the branching ratio, the forward-backward asymmetry and the fraction of longitudinally polarised K * mesons, respectively. The predictions are based on the improved uncertainty estimate for the subleading power corrections of Appendix A and updated CKM input from [15] , but follow [14] otherwise.
The largest uncertainty in the above observables stems from the form factors (FF). Uncertainties smaller than a permille are not given explicitly.
We stress that the transversity observables allow for consistency checks of the theoretical low recoil framework. Since the OPE-breaking corrections generically will spoil the transversity amplitude relation Eq. (1.1) on which the predictions i) -iv) listed in the Introduction are based on, the performance of the employed heavy quark framework can be tested experimentally.
tors to the OPE [10] . Both contributions involve the same (three) HQET form factors, which are essentially unknown (see [12] for model estimates) but in principle are accessible to lattice calculations.
The subleading corrections to the form factor relations enter the decay amplitudes multiplying the small coefficient C 7 . The subleading OPE-corrections involve presently unknown Wilson coefficients of order α s . Their knowledge would require a generalisation of the 2-loop calculation of [33] for off-shell quark states. The latter gives in general complex-valued results, introducing new strong phases. Both corrections can therefore be parameterised as
The exact form of ther i can be inferred fromr i = r i C eff 9 , with the r i given in Ref. [10] . As already noted, the strong phases δ i are currently not known.
The transversity amplitudes depend on ther i as follows, see [14] for details, 
which mildly breaks the universality of Eq. (1.1). In the numerical implementation we vary thẽ r i and δ i for i = a, b, c independently within |r i | ≤ 0.1 and δ i ∈ [−π/2, +π/2] and allow for both signs in Eq. (A1). The resulting uncertainty is termed (SL) in this work. The SM predictions of some basic CP-conserving observables are given in Section IV. Note that this estimation improves on our previous works [14] , where we introduced for each of the transversity amplitudes one real scaling factor for the corrections to the form factor relations and additionally for each left-and right-handed amplitude six real scaling factors in order to estimate the subleading OPE-corrections.
